Porcine epidemic diarrhea virus (PEDV) is a deadly epizootic swine coronavirus that is of importance to the world pork industry. Since the re-emergence of the virulent genotype 2b (G2b) in 2014, Jeju Island in South Korea has faced periodic outbreaks, leading to the occurrence of endemics in provincial herds. In this study, we examined the complete genome sequences and molecular characteristics of novel G2b PEDV variants with a two-amino-acid deletion in the neutralizing epitope of the spike (S) gene, which were concurrently identified on a re-infected farm and its neighboring farm on Jeju Island. Whole-genome sequencing of the Jeju S-DEL isolates KNU-1829 and KNU-1830 revealed the presence of a continuous 9-nucleotide deletion within the nonstructural protein coding region. Their genomes were 28,023 nucleotides in length, 15 nucleotides shorter than those of the classical G2b PEDV strains. The two S-DEL isolates had 96.4-99.2% and 98.3-99.7% identity at the S-gene and full-genome level, respectively, to other global G2b PEDV strains. Genetic and antigenic analyses indicated that the S-DEL isolates are most closely related to the primary strain identified from the initial exposure at the same farm, but the virus appears to undergo continuous evolution, possibly leading to antigenic drift under recurrent or endemic pressure. This study provides important information about the antigenic diversity of PEDV circulating in the endemic areas, which arises from continuous non-lethal mutations to ensure viral fitness in the host environment.
Porcine epidemic diarrhea virus (PEDV) is a highly contagious, fatal enteric virus of pigs that belongs to the genus Alphacoronavirus in the family Coronaviridae of the order Nidovirales. Since the 2013-2014 PEDV pandemics that ravaged the American and Asian pig-raising countries, the virus has gained global attention as an emerging or reemerging viral pathogen that threatens the swine industry worldwide [6] . Outbreaks in 2013-2014 caused the death of an estimated one million newborn piglets in South Korea [6, 9, 10] . Although Jeju Province had maintained a PEDVfree status for a decade, this island, located 80 km away from mainland South Korea at its closest point, could not prevent the spread of PEDV to provincial herds nationwide [9] . Genetic and epidemiological investigations revealed a direct incursion of the pandemic genogroup 2b (G2b) PEDV from the mainland, from unknown sources [9] . PEDV has since scourged the provincial pork business and has now become endemic in Jeju pig herds [9, 11] .
In early October 2018, enteric and diarrheal diseases accompanied by low-to-moderate mortality rates (30-50%) in newborn piglets broke out almost simultaneously in two vaccinated farrow-to-finishing herds (farms A and B) in a Hallim-swine-dense region of Jeju Province. In particular, farm A experienced an acute PEDV infection in March 2018 [12] . Small-intestine specimens collected from diarrheic piglets at those farms were submitted to our laboratory for diagnosis. All of the samples tested PEDV positive by RT-PCR assays using a TGE/PED detection kit (iNtRON Biotechnology, Seongnam, South Korea). Subsequently, the complete sequence of the spike (S) gene of the Jeju isolates was Handling Editor: Sheela Ramamoorthy.
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Guehwan Jang and Jonghyun Park contributed equally to this work and share co-first authorship. Table S1 ). All of the isolates contained the genetic signature of the G2 field strains, S insertions/deletions (S INDELs), compared to the prototype CV777 strain, which represents the classical G1a subgroup ( Supplementary Fig. S1 ) [6, 8] . Genetic analysis indicated that the isolates were most closely related to the KNU-1815 strain (GenBank accession number MK032689), which was identified on farm A in early 2018 [12] . Both the KNU-1829 and -1830 viruses were found to contain a novel two-amino-acid (RG) deletion at positions 1,370 and 1,371 in the C-terminal region of the S protein, named S DEL, which is not present in the genome sequences of the other G1 and G2 strains available from the GenBank database ( Fig. 1) . The S genes of the KNU-1829 and -1830 strains are therefore 4,155 nucleotides long and encode a 1,384-amino-acid protein, which is six nucleotides shorter than the S genes of the global G2 field strains.
As the major antigenic determinant of PEDV, the S glycoprotein contains at least four neutralizing epitopes [13, 15] . Sequence analysis revealed that, compared to the primary KNU-1815 strain, the newly identified recurrent strains carry one amino acid (G) deletion and one amino acid (Leu to Ile) substitution within a previously described SD125-2 neutralizing epitope (GPRLQPY) located at positions 1371-1377 [15] . We further investigated the putative antigenicity of the S gene using the Bepipred linear epitope prediction tool [1] . The epitopes predicted highlighted a dissimilarity in a potential B-cell epitope, corresponding to the 1371-1377 epitope region, between the primary and S-DEL variant strains, which is suggestive of potential antigenic drift resulting from the amino acid changes (Fig. 2) .
To investigate the genetic relatedness of the novel S-DEL variants to their primary strain and other global PEDV strains, the full-length genomic sequences of the KNU-1829 and -1830 strains were determined using a traditional Sanger sequencing method as described previously [10] . The KOR/ KNU-1829/2018 and KOR/KNU-1830/2018 sequence data were deposited in the GenBank database under accession numbers MK482396 and MK482397, respectively. Like the primary KNU-1815 strain, the S-DEL strains also possessed a unique nine-nucleotide deletion at genomic positions 3,408-3,416, located in open reading frame 1a, which encodes nsp3 [12] . No additional INDELs were identified throughout their entire genomes. The KNU-1829 and -1830 virus genomes were 28,023 nucleotides in length, excluding the 3′ poly(A) tail, 15 nucleotides shorter than most G2b viruses, due to the deletions in nsp3 and S. The Jeju S-DEL isolates shared a high level of nucleotide sequence identity to each other (99.9%) and to the other global G2b PEDV strains (98.3-99.7%) at the genomic level (Supplementary Table S2 ). The highest nucleotide sequence identity was evident with respect to the primary strain, KNU-1815, indicating that virus circulation and evolution has occurred in the aforementioned farm and that there had been direct transmission to the neighboring herd. The number of nucleotide or amino acid differences and the percentage of identity between the Jeju S-DEL isolates and their primary strain KNU-1815 is summarized in Supplementary Table S3 . Compared to the complete KNU-1815 genome, the KNU-1829 and -1830 genomes had 61 nucleotide (99.7% identity) and 57 nucleotide (99.7% identity) differences, respectively, resulting in 26 and 24 non-silent point mutations (15 in ORF 1ab, 10 in S, and one in N for KNU-1829 and 12 in ORF 1ab, 11 in S, and one in N for KNU-1830).
Phylogenetic analysis based on the complete S protein clearly divided the PEDV strains into two distinct genogroup clusters, G1 and G2, which were further divided into subgroups 1a, 1b, 2a, and 2b ( Supplementary Fig. S2A ). The KNU-1829 and -1830 strains still belong to subgroup G2b, which clustered closely around the contemporary domestic isolates, thereby forming an independent clade within the same subgroup. Whole-genome phylogeny indicates that the novel S-DEL strains are grouped within the same cluster as the global epidemic strains (Supplementary Fig. S2B ).
This is the first report describing the complete genome sequences of novel PEDV S-DEL variants on the Jeju Island, where PEDV outbreaks have occurred repeatedly since a large-scale re-emergence in 2014. The S glycoprotein is functionally divided into two domains, S1 and S2, each of which plays an independent role in coronavirus entry by mediating receptor binding and membrane fusion, respectively [5] [6] [7] . Several studies have shown that mutations, including substitutions and insertions/deletions (INDELs), in the S gene affect viral pathogenicity and host tropism [3, 6, 14] . A number of novel G2b variants with unique large or small S-INDELs have been reported in several countries that experienced the 2013-2014 PED [2, 3, 11, 16, 17] . To investigate this hypothesis, we are currently working on isolating new PEDV variants that can grow in cell culture, the development of which will allow us to perform a challenge study. However, it is anticipated that the pathogenicity of the S-DEL strain might have been modified. Pigs infected with this novel variant experienced moderate-to-severe clinical presentation associated with PED in infected piglets; however, neonatal morbidity and mortality rates vary among litters and are lower than those reported in severe G2b outbreaks. The immune status acquired from previous natural exposures and vaccination programs may have at least contributed to the mild-to-moderate disease outcome presently observed in the field. However, despite the prior infection and vaccinations in farm A, sow herds showed relatively low neutralizing antibody titers in their sera and colostrum ( Supplementary Fig. S3 ). Moreover, anti-PEDV neutralizing antibodies were detectable in growing-finishing pigs, indicating the presence of circulating virus infection in this herd ( Supplementary Fig.  S3 ). This circumstance may generate immune environments that are advantageous for the survival and spread of PEDV (KNU-1815) within a farm and between farms. The virus continuously evolves under lower immune pressure to generate a new variant (KNU-1829) that may escape immune system surveillance, which in turn causes recurrences on the same farm and also new occurrences of PEDV (KNU-1830) in adjacent herds by farm-to-farm transmission via contaminated sources, including stray cats. Given its critical dual functions during cell entry, the PEDV S protein is the major target of host anti-virus antibodies, like other coronavirus S proteins [4] . A recent study revealed that the conserved S2 subunit, including its C-terminal portion, contains major antigenic determinants that strongly elicit neutralizing antibodies [15] . More importantly, the novel S-DEL recurrent variants described here have characteristic mutations within the neutralizing epitope of S compared to the primary strain, probably producing antigenic variation in the 1371-1377 epitope region. Considering these data, we hypothesize that the genetic deletions and variations in S that have arisen under field conditions facilitate antigenic drift, which allows the virus to evade host immune defenses, such as neutralizing antibodies, developed as a result of natural infection and vaccination. This phenomenon could weaken viral pathogenicity, resulting in less-lethal infections and leading to the establishment of an endemic state. Research involving reverse genetics is likely to provide fundamental insights into the specific roles of deletions and other mutations in PEDV pathogenesis, particularly in the putative antigenic determinants within the S protein. This study underscores the need to perform periodic monitoring and surveillance investigations to identify novel antigenic variants that may emerge via persistent genetic drift in enzootic situations and increase the likelihood of new PEDV outbreaks.
